-The physiological effects of glucose-dependent insulinotropic polypeptide (GIP) are mediated through specific receptors expressed on target cells. Because aberrant GIP receptor (GIPR) expression has been implicated in abnormal GIP responses associated with type 2 diabetes mellitus and food-induced Cushing's syndrome, we sought to identify factors that regulate the GIPR. We previously demonstrated that sequences between Ϫ1 and Ϫ100 of the GIPR gene were sufficient to direct transcription in a rat insulinoma cell line (RIN38). In the present study, we compared the 5Ј-flanking regions of the rat and human GIPR gene and demonstrated 88% identity within the first 92 bp. Subsequent serial deletion analyses showed that the region between Ϫ85 and Ϫ40 is essential for maximal promoter activity. Within this region, we identified three putative Sp1 binding motifs, located at positions Ϫ77, Ϫ60, and Ϫ50, that can specifically bind both Sp1 and Sp3. Whereas mutation of the Sp1 sites at Ϫ50 and Ϫ60 led to 36 and 40% reduction in promoter activity, respectively, mutation of the Sp1 motif at Ϫ70 did not affect promoter activity. Cotransfection of S2 Schneider cells with GIPR-luciferase chimeric constructs and either Sp1 or Sp3 expression vectors indicated that both Sp1 and the long form of Sp3 activate transcription through binding to the Sp1 sites located between Ϫ100 and Ϫ40. Lastly, chromatin immunoprecipitation analyses revealed that both Sp1 and Sp3 bind to the GIPR promoter region in RIN38 cells. These results indicate that cellspecific expression of GIPR is associated with the binding of the transcription factors Sp1 and Sp3 to the GIPR promoter. gastric inhibitory polypeptide; transcription factors; RIN38 cells; insulinoma; rat-2 cells; chromatin immunoprecipitation assay GLUCOSE-DEPENDENT INSULINOTROPIC POLYPEPTIDE (GIP) is a member of the secretin
GLUCOSE-DEPENDENT INSULINOTROPIC POLYPEPTIDE (GIP) is a member of the secretin-VIP family of gastrointestinal regulatory peptides and was originally named gastric inhibitory polypeptide (6) . Targets for the hormone include fundic cells of the stomach, where GIP has been shown to inhibit acid secretion (49) , and ␤-cells of the pancreatic islets, where GIP potentiates insulin release (15, 39) . Because of its insulin-releasing properties, GIP has been designated a physiological incretin, the proposed substance that mediates the enteroinsular axis and appears to play an important role in the maintenance of glucose homeostasis. Studies with GIP-specific antagonists demonstrated that GIP contributes up to 72% of the postprandial insulin release (46) . GIP exerts its biological properties through a specific G protein-coupled receptor possessing seven transmembrane domains (48) . The binding of GIP to its receptor (GIPR) is thought to trigger the activation of a heterotrimeric G s protein that, in turn, stimulates adenylate cyclase. The accumulation of intracellular cAMP leads to an increase in Ca 2ϩ influx through voltage-gated Ca 2ϩ channels. These events, along with the activation of a wortmannin-sensitive pathway, are thought to be responsible for the stimulation of insulin release by GIP (44) .
In addition to the pancreatic islets and the stomach, RNA encoding the GIPR has been detected in the adrenal cortex, heart, adipose tissue, and several regions in the brain, including the cerebral cortex, hippocampus, and the olfactory bulb (48) . However, the precise physiological and pathological significance of GIP in these other tissues remains to be elucidated. Initial studies have demonstrated that GIP inhibits glucagonstimulated lipolysis in adipose tissue (14) , and the intraventricular injection of GIP results in a decrease in plasma folliclestimulating hormone and an increase in plasma growth hormone levels (38) .
Previous studies have suggested that aberrant expression of the GIPR may play a role in the etiology of food-induced Cushing's syndrome (FICS), type 2 diabetes mellitus, and obesity. In the case of FICS, ectopic expression of GIPR on adrenal cells has been associated with increased postprandial cortisol secretion (25, 41) . In type 2 diabetes mellitus, the loss of GIPR expression on islet ␤-cells has been hypothesized to contribute to an altered enteroinsular axis (24, 33, 37) ; consistent with this hypothesis, Lynn et al. (32) reported suppressed levels of GIPR expression in islet ␤-cells isolated from a rat model of type 2 diabetes mellitus. Recent studies have also indicated that GIP and GIPR may contribute to the development of obesity. Miyawaki et al. (35) generated a GIPRdeficient mouse that, unlike its wild-type littermates, did not develop diet-induced obesity and its associated complications, including abnormal glucose tolerance, diabetes mellitus, and fatty liver, when fed a high-fat diet (35) .
To characterize the regulation of GIPR gene expression, specifically at the level of gene transcription, we cloned the rat GIPR gene and identified the promoter region. Preliminary analysis indicated that GIPR transcription is initiated from a promoter containing neither a CAAT motif nor a TATA box. Transient transfection analyses demonstrated that the first 100 bp of the 5Ј-flanking region of the GIPR gene are sufficient to direct transcription in a rat insulinoma cell line 2 (RIN38), a cell line that expresses the endogenous gene. In addition, analysis of GIPR promoter activity in a cell line that does not express GIPR (rat-2) suggested that the cell-specific expression of the GIPR gene is controlled by distal negative regulatory sequences (5) . In this report, we have used transient transfection analyses of mutant derivatives of the GIPR promoter combined with electromobility shift assays to demonstrate that binding of the transcription factors Sp1 and Sp3 is critical for high levels of GIPR transcription in RIN38 cells. In addition, chromatin immunoprecipitation (ChIP) analysis indicates that binding of Sp1 and Sp3 to the GIPR promoter in intact cells correlates with cell-specific expression of the GIPR.
MATERIALS AND METHODS
Tissue culture. RIN38 cells (rat insulinoma) were a gift from Dr. Å . Lernmark (Seattle, WA), whereas rat-2 fibroblast cells and Drosophila Schneider S2 cells were purchased from American Type Culture Collection (Manassas, VA). RIN38 and rat-2 cells were grown in DMEM containing 10% FBS, 100 U/ml penicillin G, 100 g/ml streptomycin, and 0.25 g/ml amphotericin B at 37°C in an atmosphere of 5% CO2. Schneider S2 cells were maintained in Schneider medium containing 10% heat-inactivated serum (Sigma) and grown at 20°C.
Rat and human GIPR sequences. The sequence of the rat GIPR promoter has been previously described, and its GenBank accession number is AF050667. The corresponding Human GIPR sequence was identified with the nucleotide-nucleotide BLAST (blastn) tool provided by the National Center for Biological Information. The first 20 bp of the human cDNA sequence (GenBank no. NM 000164) were used as the query.
GIP luciferase plasmids and Sp1/Sp3 expression vectors. The wild-type plasmid pGL-660 has been described previously (5) . Constructs pGL-40, PGL-52, and pGl-85 were prepared using the PCR with the GIPR-specific forward primers 5Ј-gaagatctcctcccaacaccccagg-3Ј, 5Ј-gaagatctggccccgcctcctccca-3Ј, and 5Ј-tttagatctccagagctcccccct-3Ј, respectively, as previously described (5) . The mutant constructs pGL-660 (mutA), pGL-660 (mutB), and pGL-660 (mutC) were designed with mismatched primers in a two-step PCR-based method for introducing point mutations (20) , as previously described (21) . The plasmid pGL-660 was used as the template in the initial PCRs. The following GIPR specific primers were used: for pGL-660(mutA), 5Ј-cgccctggccccgAAtcctcccaa-3Ј and 5Ј-ttgggaggaTTcggggccagggcg-3Ј; for pGl-660(mutB), 5Ј-ctgttctctgttccgAAAtggccc-3Ј and 5Ј-gggccaTTTcggaacagagagaacag-3Ј; and for pGL-660(mutC), 5Ј-tccccagagctccccAAtcctgttc-3Ј and 5Ј-gaacaggaTTggggagctctgggga-3Ј.
The plasmids pPAC, pPACSp1, pPACSp3, and pPACUSp3 were a kind donation from Dr. Guntram Suske (Institute of Molecular Biology and Tumor Research, Philipps-University, Marburg, Germany).
Transient transfection assays. One day before transfection, RIN38 cells were plated at a density of ϳ3-6 ϫ 10 5 cells per 60-mm dish in the appropriate growth media. A mixture containing 2.5 g pGL2 reporter plasmid, 14 l lipofectamine (Invitrogen, Carlsbad, CA), 0.5 g pCMV␤-galactosidase DNA (a control for transfection efficiency), and 600 l of serum-free medium was incubated at room temperature. After 15 min, 2.4 ml of media were added, and the resultant DNA mixture was then added to cells previously washed twice with serumfree medium. After 5 h, 3 ml of media containing twice the normal concentration of serum were added, and the incubation was continued for 48 h, after which the cells were harvested. For enzymatic analysis, the cells were first washed twice with PBS and then were lysed in 500 l of lysis buffer following the manufacturer's instructions (Analytical Luminescence, San Diego, CA). Schneider S2 cells were transfected by calcium phosphate precipitation with 10 g of luciferase reporter DNA, 1 g transfection control plasmid (CMV-driven ␤-galactosidase), and 100 ng of either pPAC, pPACSp1, pPACSp3, or pPACUSp3 per 100-mm dish. Each experimental condition was tested in triplicate. Cells were harvested 48 h after transfection by first washing twice with PBS and then adding 1.5 ml of lysis buffer.
Luciferase and ␤-galactosidase measurements. To assay luciferase activity, 100 l of the cell lysate were mixed with 100 l of luciferase substrate solution A (Analytical Luminescence). With a luminometer with automatic injection, 100 l of substrate solution B (Analytical Luminescence) were then added, and luciferase activity was measured as light emission over a 30-s period. ␤-Galactosidase activity in 40 l of the cell lysate was determined after a 5-to 30-min incubation at 37°C with 2 mM chlorophenol red ␤-galactopyranoside (Boehringer Mannheim, Indianapolis, IN) in 2 mM MgCl 2, 0.1 mM MnCl2, 45 mM 2-mercaptoethanol, and 100 mM NaHPO 4, pH 8. The reactions were stopped by adding 500 l of 0.5 M EDTA, pH 8.0, and absorbance at 570 nm was measured with a spectrophotometer. Within each experiment, luciferase activity was determined in duplicate and normalized to ␤-galactosidase activity for each dish. Each plasmid was tested at least six times between two separate experiments.
EMSAs. Nuclear extracts were prepared according to the method of Dignam et al. (12) . The protein concentration was subsequently estimated with a commercial Bio-Rad protein assay (Bio-Rad, Hercules, CA). EMSAs were performed using 4% polyacrylamide gels (44:1 acrylamide/bisacrylamide) in 40 mM Tris ⅐ HCl and 195 mM glycine (pH 8.5) at 4°C. The following probe sequences were used: site Sp1-A, (start position Ϫ45): 5Ј-CGCCCTGGCCCCGCCTCCTC-CCAA-3Ј; site Sp1-B (start position Ϫ57): 5Ј-ctgttctctgttccgccctggcc-3Ј; and site Sp1-C (start position Ϫ75): 5Ј-TCCCCAGAGCTC-CCCCCTCCTGTTC-3Ј (presumptive binding sites are underlined). Each reaction contained 10,000 cpm (ϳ7 fmol) of double-stranded oligonucleotide (ds-oligo) probe, end-labeled by T4 kinase in the presence of [␥-
32 P]ATP and purified on a Quik Spin G25 column (Boehringer Mannheim). The reactions were performed in 20 l of a mixture containing 20 mM HEPES (pH 7.3), 50 mM KCl, 5 mM ␤-mercaptoethanol, 20% glycerol, 1 g poly(dI-dC), 1 g BSA, and 2.5 g RIN38 nuclear extract. The reaction mixtures were incubated for 30 min at room temperature, followed by 5 min on ice before loading. The samples were separated by electrophoresis for 1.5-2.5 h at 250 V. For competition studies, the samples were preincubated with unlabeled ds-oligos with wild-type (same as above) or mutant sequences: mut-A: 5Ј-CGCCCTGGCCCCGAATCCTCCCAA-3Ј; mutB: 5Ј-ctgttctctgttccgAAAtggccc-3Ј; and mut-c: 5Ј-TCCCCA-GAGCTCCCCAATCCTGTTC-3Ј, prior to the addition of the probe (substituted bases are in bold type). A ds-oligo with the sequence 5Ј-ATTCGATCGGGGCGGGGCGAGC-3Ј was purchased from Santa Cruz Biotechnology (Santa Cruz, CA) and used as a positive control. For supershift experiments, specific antibodies were preincubated with the nuclear extracts for 10 min at room temperature before the addition of probe. The antisera to Sp1 (H-225), Sp2 (K-20), Sp3 (H-225), and Sp4 (V-20) were purchased from Santa Cruz Biotechnology.
Western analysis. Cells grown on 10-cm plates to 80% confluence were washed once with 1ϫ PBS and then suspended by scraping in 1 ml of RIPA buffer (Boston Bioproducts, Ashland, MA) containing Complete, a protease inhibitor cocktail (Roche Molecular Biochemicals, Indianapolis, IN) followed by incubation on ice for 15 min. Cell lysates were centrifuged at 14,000 rpm at 4°C for 5 min, and the supernatant was aspirated. Protein concentrations were measured using the BCA protein assay kit (Pierce, Rockford, IL), and protein (50 g) was resolved on a 12% SDS-polyacrylamide gel and transferred to Protran nitrocellulose membranes (PerkinElmer Life Sciences, Boston, MA). The membranes were blocked in 5% nonfat milk, 1ϫ PBS, and 0.5% Tween 20 at room temperature for 2 h and then incubated with rabbit anti-pituitary tumor-transforming gene 1 (PTTG1; H-160) that was purchased from Santa Cruz Biotechnology and diluted 1:2,000 in 1ϫ PBS containing 5% nonfat milk. After a 4-h incubation, the membranes were washed three times for 5 min at room temperature with wash buffer (1ϫ PBS, 0.5% Tween 20) and incu-bated with the appropriate horseradish peroxidase-conjugated secondary antiserum diluted in 5% nonfat milk in 1ϫ PBS for an additional 1 h. The membranes were then rinsed three times for 5 min in wash buffer, soaked in chemiluminescence reagent, as instructed by the manufacturer (Boston Bioproducts), and exposed to X-ray film for 0.1-5 min.
CHiP analysis. CHiP assays were performed by following the protocol of Cissell and Gerrish and colleagues (8, 17) . RIN38 and rat-2 cells grown on 10-cm plates to 90% confluence were exposed to 1% formaldehyde in DMEM for 5 min at 23°C. Glycine was added to 0.125 M to quench the formaldehyde, and the cultures were incubated for 2 min. The cells were collected in ice-cold PBS, pelleted by centrifugation, and incubated for 10 min on ice in 0.6 ml of SDS lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris ⅐ HCl, pH 8.1, 1 mM PMSF). Lysed samples were transferred to prechilled microcentrifuge tubes and subjected to sonication consisting of twelve 10-s pulses. The reactions were centrifuged for 10 min at 4°C and stored at Ϫ70°C. For each condition, a 100-l aliquot was diluted with 0.9 ml of buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris ⅐ HCl, pH 8.1, 167 mM NaCl, containing 0.1% protease inhibitor mixture for mammalian cells) (Sigma, St. Louis, MO) and precleared with 60 l of BSA-blocked protein A/G-agarose (Santa Cruz Biotechnology) for 1 h at 4°C. After removal of the agarose beads by centrifugation, either 2 l of specific antiserum or 10 l of normal rabbit IgG (Santa Cruz Biotechnology) and the mixture was incubated overnight at 4°C. Specific rabbit polyclonal antibodies directed against either Sp1 (H-225), Sp3 (H-225), or GATA-4 (H-112) were used in this study (Santa Cruz Biotechnology). Antibody-protein-DNA complexes were isolated by incubation with 60 l of blocked protein A/G agarose for 1 h at 4°C. After an extensive washing period, bound DNA fragments were eluted with 300 l of elution buffer (50 mM NaHCO 3, 1% SDS) and analyzed by PCR using PCR Master mix (Roche, Mannheim, Germany), 15 pmol of each primer, and 10 l of the immunoprecipitated DNA/reaction. Cycling parameters were as follows: one cycle at 95°C for 2 min and 28 cycles at 95°C for 30 s, 61°C for 30 s, and 72°C for 30 s. The primers used for amplification of the GIPR promoter fragment bound by Sp1/Sp3 were 5Ј-ggactggctctctcagcatg-3Ј and 5Ј-ctgccagagagctctggaag-3Ј. The primers used for amplification of the PTTG1 promoter fragment bound by Sp1/Sp3 were 5Ј-ggctgacccaaaccatctca-3Ј and 5Ј-gagtgaagcacaagtcccga-3Ј. Amplified products were electrophoresed through a 1.4% agarose gel in Tris acetate-EDTA buffer and visualized after ethidium bromide staining.
RESULTS
The first 100 bp of the GIPR promoter is highly conserved between rat and human and contains potential transcription factor binding sites. As previously demonstrated, the first 100 bp upstream of the transcription start site of the rat GIPR gene are sufficient to direct high levels of transcriptional activity in a number of established cell lines (5) . The corresponding Human GIPR sequence was identified by using the first 20 bp of the human cDNA sequence (GenBank no. NM 000164) as a query for a nucleotide-nucleotide BLAST (blastn). The human GIPR 5Ј-flanking region was contained within the Homo sapiens chromosome 19, cosmid R28204, with the complete sequence having GenBank accession no. AC006132. A comparison of the 5Ј-flanking region of the rat and human GIPR gene demonstrated 88% identity within the first 92 bp of this region (Fig. 1) . Analysis of the next 2,000 upstream base pairs did not show any additional regions of shared homology. Neither the rat nor the human GIPR promoter contains a TATA box, and, like many TATA-less promoters, the sequence is GC-rich (ϳ68% and ϳ73%, respectively, for human and rat in the first 92 bp). As an initial step in the identification of important regulatory elements in the GIPR promoter, we analyzed the rat and human sequences using the Web-based programs rVISTA 2.0 and TRANSFAC 6.0. rVISTA 2.0 combines database searches with a comparative sequence analysis to identify potential transcription factor binding motifs that are conserved between species (30). TRANSFAC compares a sequence with a database containing eukaryotic transcription factors, their genomic binding sites, and DNA-binding profiles (52) . Using these programs, we identified three binding motifs that are present in both the human and rat sequences. With rVISTA 2.0, putative binding sites for Sp1 family of transcription factors were found at positions Ϫ45 and Ϫ57, whereas a consensus site for transcription factors of the zinc finger family, such as myeloid zinc finger gene (MZF1), was identified at position Ϫ75. The TRANSFAC program also identified the Sp1 binding motifs at positions Ϫ45 and Ϫ57, as well as an additional Sp1 site in the rat gene starting around Ϫ77. The TRANSFAC program did not recognize an Sp1 site at or near position Ϫ77 in the human gene.
Deletion of a region containing putative transcription factor binding sites abolishes GIPR promoter activity. To further characterize the functional properties of the first 100 bp of the rat GIPR 5Ј-flanking sequence and in particular the regions containing potential transcription factor binding motifs identified above, we made deletion mutants of our GIPR promoter region in the luciferase reporter vector pGL2-basic. These mutants were analyzed in transient transfection assays using RIN38 cells. As shown in Fig. 2 , deletion of the sequence between Ϫ660 and Ϫ85 did not affect transcriptional activity. However, removal of the sequence between Ϫ85 and Ϫ50 decreased promoter activity by ϳ65% (Fig. 2) . Further deletion of sequences down to position Ϫ40 led to an additional ϳ23% loss of promoter activity, for a total loss of ϳ88% (Fig. 2) . This loss of promoter activity following the deletion of the sequence between Ϫ85 and Ϫ40 suggests of the presence of at least 2 positive regulatory elements in the region.
EMSAs demonstrate specific binding of Sp1 and Sp3 to sequences in the GIPR promoter. Because the removal of DNA sequences containing potential binding motifs led to a reduction in promoter activity, we next characterized the binding properties of these sequences. EMSAs were performed using Fig. 1 . Comparison of the 5Ј-flanking region of the human and rat glucosedependent insulinotropic polypeptide receptor (GIPR) genes identifies 2 highly conserved elements. Sequence Ϫ1 to Ϫ92 of the human GIPR gene (hGIPR) shares 88% identity with the analogous region of the rat GIPR gene (rGIPR). The location of a myeloid zinc finger gene (MZF1) and/or Sp1 motif(s) and an Sp1 motif identified using the rVISTA 2.0 and TRANSFAC programs and the transcription start sites are indicated. The human sequence was obtained from the National Center for Biological Information by using the first 20 bp of the human cDNA sequence (GenBank no. NM 000164) as a query for a nucleotidenucleotide BLAST (blastn). The human GIPR 5Ј-flanking region was contained within the Homo sapiens chromosome 19, cosmid R28204, with the complete sequence having GenBank accession no. AC006132. The rat sequence was generated by Sanger dideoxy sequence analysis of a rat genomic clone (GenBank accession no. AF050667).
nuclear extracts from RIN38 cells and ds-oligos representing each of the three potential regulatory regions of the GIPR gene. A commercially available ds-oligo that included a well-characterized Sp1 binding site was used as a control. Figure 3 , left, demonstrates competitive binding analysis using a radiolabeled synthetic ds-oligo (probe) that represents the region surrounding the putative Sp1 binding motif at position Ϫ45 (Sp1-A in Fig. 1 ). Three DNA-protein complexes (a, b, and c in Fig. 3) , consistent with Sp1/Sp3 binding, were identified (4). The binding of the nuclear proteins to the probe was specific because an excess of unlabeled wild-type (wt), but not mutant ds-oligo, inhibited the formation of bands produced by the probe in a concentration-dependent manner. The control dsoligo was also able to displace binding in a concentrationdependent manner, further implicating the presence of an Sp1/Sp3 binding site. Figure 3 , middle, demonstrates a competitive binding analysis using a probe representing the region around the Sp1 binding motif at position Ϫ57 (Sp1-B in Fig. 1) . Again, three DNA-protein complexes (a, b, and c in Fig. 3) , consistent with Sp1/Sp3 binding, were identified (4). The binding of nuclear proteins to the probe was specific because an excess of unlabeled wild-type, but not mutant ds-oligo, inhibited the formation of bands produced by the probe in a concentration-dependent manner. The control ds-oligo was also able to displace binding in a concentration-dependent manner, further implicating the presence of an Sp1/Sp3 binding site. Figure 3 , right, demonstrates a competitive binding analysis using a probe representing the region around the MZF1/ Sp1 binding motif at position Ϫ77 (Sp1-C in Fig. 1) . As with the ds-oligo representing the putative Sp1 sites at positions Ϫ45 and Ϫ57, three specific complexes were identified that could be competed with an excess of either unlabeled wild-type ds-oligo or the control ds-oligo, but not with an excess of a mutant ds-oligo. These observations are consistent with the presence of an Sp1/Sp3 binding site in the corresponding region of the GIPR promoter. The binding affinity of nuclear proteins to the probe representing a region now referred to as the Sp1-C site appears to be lower than that for the probe representing the Sp1-A or Sp-1 B sites. Whereas as little as a 10-fold excess of control ds-oligo displaced binding to site Sp1-C, even a 100-fold excess of control could not completely displace binding to sites Sp1-A or Sp1-B.
EMSAs were performed to confirm the binding of Sp1 and Sp3 nuclear protein to probes representing the Sp1-A, Sp1-B, and Sp1-C sites (Fig. 4) . Incubation of probes representing either the Sp1-A, Sp1-B, or the Sp1-C site with nuclear proteins and rabbit antisera specific for Sp1 resulted in a loss of the slowest migrating complex in the EMSA (band a) and the appearance of an even slower complex (lane 1). The loss of the band is indicative of polyclonal antibodies reacting with epitopes on Sp1 and inhibiting interaction with the probe. The is shown adjacent to the relative transcriptional activity of the chimeric genes (right). All constructs are derivatives of pGL2-basic, and all include the same 3Ј end (ϩ30) fused to the firefly luciferase gene. The number to the left of each construct indicates the 5Ј extent of the GIPR-specific insert. Chimeric constructs were cotransfected with pCMV-␤-galactosidase, and the data represent mean activity Ϯ SE of 6 separate transfections normalized to the activity of the promoterless construct, pGL2-basic, after correcting for differences in transfection efficiencies by the measurement of ␤-galactosidase activity. Data are expressed relative to the activity measured for the parental vector pGL-660, which was set to 100%. Fig. 3 . EMSAs demonstrate specific binding of RIN38-derived nuclear protein to 3 elements in the 5Ј-flanking sequences of the GIPR gene. Wild-type (wt) double-stranded (ds) oligonucleotides, radiolabeled using T4 polynucleotide kinase, were examined in EMSAs with nuclear extract derived from RIN38 cells. The binding reaction mixtures were preincubated with increasing amounts of either unlabeled wt ds-oligonucleotide, the corresponding mutant (mut) ds-oligonucleotide, or an Sp1-containing commercial (com) ds-oligonucleotide. The complexes were resolved on a 4% acrylamide-0.5ϫ TBE. The sequences of the various ds-oligonucleotides are given in MATERIALS AND METHODS. Left: analysis of the sequences between Ϫ56 and Ϫ33 of the GIPR gene (Sp1-A). Middle: analysis of the sequences between Ϫ62 and Ϫ47 of the GIPR gene (Sp1-B) . Right: analysis of the sequences between Ϫ88 and Ϫ64 of the GIPR gene (Sp1-C). Arrowheads (left) indicate position of the DNA-protein complexes (designated a, b, c).
appearance of the slower migrating or "supershifted" band is consistent with the binding of antibodies to an Sp1 complex. When the probes representing either the Sp1-A, Sp1-B, or the Sp1-C site were incubated with nuclear proteins and rabbit antisera specific for Sp3 (lane 3), both faster-moving complexes in the EMSAs were lost (bands b and c), and two additional slower migrating complexes appeared. The presence of two bands representing Sp3 immunoreactivity is the result of the interaction of two differently sized isoforms of Sp3 with the radiolabeled ds-oligo. Although these isoforms are encoded by the same mRNA, they are derived from protein translation initiation at different start codons, resulting in a long form and a short form that are both recognized by the Sp3 antisera. Rabbit antisera directed against Sp2 (lane 2) and Sp4 (lane 4) were used as negative controls and failed to alter the appearance or migration of the DNA-protein complexes.
Mutation of Sp1/Sp3 binding sites leads to a loss of promoter activity. To evaluate the contribution of the three Sp1/Sp3 binding sites in the regulation of the GIPR promoter, we introduced point mutations into each of the Sp1 binding sites described above in the context of our GIPR-luciferase reporter construct, pGL-660, and then evaluated the effects of the mutations in transient transfection assays using RIN38 cells (Fig. 5) . The point mutations introduced were the same changes that abolished Sp1 and Sp3 binding in the above EMSAs. Analysis of the construct containing a mutation in the Sp1 motif located at Ϫ45 (Sp1-A) showed an ϳ64% reduction in promoter activity [compare pGL-660 (mutA) to pGL-660]. Fig. 4 . EMSAs identifying Sp1 and Sp3 immunoreactivity in DNA-protein complexes. RIN38 nuclear extract was incubated with either Sp1, Sp2, Sp3, or Sp4 antisera before the addition of radiolabeled wild-type probe. The complexes were resolved on a 4% acrylamide-0.5ϫ TBE gel. Left: region of the GIPR gene between Ϫ56 and Ϫ33 (Sp1-A). Middle: region of the GIPR gene between Ϫ62 and Ϫ47 (Sp1-B). Right: region of the GIPR gene between Ϫ88 and Ϫ64 (Sp1-C). Arrowheads (left) indicate the position of the DNA-protein-antibody complexes. The specific antisera added to each sample are indicated above the corresponding lanes. Fig. 5 . Mutation analysis of the GIPR promoter constructs containing specific mutations in the Sp1 binding motifs. Top: schematic representation of the upstream region of the GIPR gene depicting the approximate location of the Sp1 motifs at positions Ϫ45 (A), Ϫ57 (B), and Ϫ75 (C). Bottom: schematic representation of the GIPR-LUC chimeras (left) is shown adjacent to the relative activity of the chimeric genes (right). The constructs pGL-660 (mutA), pGL-660 (mutB), and pGL-660 (mutC) are derivatives of pGL-660, with base pair substitutions that are predicted to render inactive the putative Sp1 sites at positions Ϫ45 (A), Ϫ57 (B), and Ϫ75 (C), respectively. Chimeric constructs were cotransfected with pCMV-␤-galactosidase, and data represent mean activity Ϯ SE of 6 separate transfections that are normalized to the activity of pGL2-basic (with ␤-galactosidase activity used to correct for differences in transfection efficiencies). Data are expressed relative to the activity measured for the parental vector pGL-660, which was set to 100%.
Similarly, analysis of the construct containing a mutation in the Sp1 motif located at Ϫ57 (Sp1-B) showed an ϳ74% reduction in promoter activity [compare pGL-660 (mutB) with pGL-660]. In contrast, a mutation of the Sp1 motif located at position Ϫ75 (Sp1-C) had little effect on promoter function [see pGL-660 (mutC)]. Therefore, although all three sites are capable of binding protein in vitro, only the Sp1 sites located at position Ϫ45 and Ϫ57 act as a transcription enhancer element in transient transfection experiments.
Sp1 and Sp3 activate the GIPR promoter in an Sp1/Sp3 null cell line. Drosophila Schneider S2 cells lack endogenous Sp1 and Sp3 expression and consequently are useful for demonstrating the specific activation of a promoter on exogenous expression of these factors (11) . Using these cells, we cotransfected expression vectors containing cDNA for either Sp1 (pPACSp1), the long-form of Sp3 (pPACUSp3), the shortform Sp3 (pPACSp3), or empty vector (pPAC) with our GIPR reporter constructs. We expressed the data as relative light units after correcting for differences in transfection efficiencies by dividing by the associated ␤-galactosidase activity. As shown in Fig. 6 , expression of either Sp1 or the long form of Sp3 enhanced the activity of all the GIPR reporter constructs, whereas expression of the short form of Sp3 had no effect. The inclusion of pPACSp1 or pPACUSP3 with the reporter constructs pGL-660, which contains both Sp1-A and Sp1-B sites, resulted in an ϳ58-and 29.3-fold increase in promoter activity, respectively, over the combination of PGL-660 and the empty vector, pPAC (Fig. 6) . The inclusion of pPACSp1 or pPACUSP3 with pGL-40, which lacks both the Sp1-A and Sp1-B sites, resulted in only 6.3-and 2-fold increases in promoter activity, respectively (Fig. 6) . These results are consistent with both Sp1 and the long form of Sp3 being able to activate transcription on binding to the Sp1 sites in the GIPR promoter.
Sp1 and Sp3 associate with the GIPR promoter in living cells.
To demonstrate Sp1/Sp3 binding to the endogenous GIPR gene, ChIP analyses were performed with formaldehyde cross-linked chromatin isolated from RIN38 and rat-2 cells. Rat-2 embryonic fibroblast cells do not express the GIPR and thus were included as a negative control for Sp1/Sp3 binding to the GIPR promoter. After precipitation of chromatin in the presence of anti-Sp1, anti-Sp3, or control sera, the GIPR 5Ј-flanking sequence spanning nucleotides Ϫ349 to ϩ16 was selectively amplified by PCR. As shown in Fig. 7 , RIN38 samples treated with an Sp1-or Sp3-specific antiserum yielded a PCR product, whereas the corresponding rat-2 samples were negative. Rabbit IgG and anti-GATA-4 were used as negative controls for the ChIP assay, and, as expected, the PCRs for these samples did not yield a product. As a positive control for the ChIP analyses, sequences from the rat pituitary tumortransforming gene 1 (PTTG1) were also amplified (9, 40). As expected, PTTG1-specific sequences were identified in samples prepared from both RIN38 and rat-2 cells. Expression of PTTG1 in RIN38 and rat-2 cells was confirmed by Western analysis (data not shown). These results demonstrate that Sp1/Sp3 bind to the GIPR promoter region in RIN38 cells and the binding is cell specific.
DISCUSSION
It has been well established that the incretins GIP and glucagon-like peptide-1 (GLP-1) are important regulators of postprandial insulin release (47, 50, 51) , and it is becoming increasingly apparent that these peptides play a major role in regulating body weight (28, 35) . Initially, because of its potent Fig. 6 . Effect of exogenous expression of Sp1 and Sp3 on the GIPR promoter. Drosophila Schneider S2 cells were transfected with 10 g of reporter DNA and 1 g of a lacZ containing control vector in the presence of either 100 ng Sp1, Sp3, (short form) or USp3 (long form) expressing vectors or empty vector. Top: schematic representation of the upstream region of the GIPR gene showing the approximate location of the Sp1 binding motifs at positions Ϫ45 (A), Ϫ57 (B), and Ϫ75 (C). Bottom: schematic representation of the GIPR-LUC chimeras (left) is shown adjacent to the relative activity of each chimeric gene resulting from cotransfection with the various pPAC expression vectors (right). Data represent mean activity Ϯ SE of 6 separate transfections that are normalized to the activity of the pGL2-basic cotransfected with the empty vector (pPAC), after using ␤-galactosidase activity to correct for differences in transfection efficiencies. Data are expressed relative to the activity measured for the parental vector pGL-660 in the presence of pPACSp1, which was set to 100%. Fig. 7 . Sp1 and Sp3 bind to the GIPR gene control sequences in intact RIN38 cells. Formaldehyde cross-linked chromatin from RIN38 or Rat-2 cells was incubated with either Sp1, Sp3, or control antisera. Immunoprecipitated DNA was analyzed by PCR with primers to transcriptional regulatory sequences of the rat GIPR gene (top) or the rat pituitary tumor-transforming gene 1 (PTTG1) (bottom). Total input DNA at a 1:100 dilution was used as a positive control for the PCR reactions. DNA prepared from chromatin that was immunoprecipitated with either normal rabbit immune sera or GATA-4 antisera was used as negative controls for assays. The lanes are designated either according to the antisera used for the chromatin immunoprecipitation assay or by "input," which indicates total chromatin was used in the PCR. The gel shown is representative of 3 independent experiments. insulinotropic actions, GLP-1 and its analogs were proposed as pharmacological agents for the treatment of type 2 diabetes mellitus. However, recent clinical studies indicate that the inhibition of gastric emptying by GLP-1 analogs may account for the beneficial effects of improved glucose homeostasis and weight loss (28) . In contrast to GLP-1, antagonizing the effects of GIP may have beneficial consequences. It was demonstrated that GIPR-null mice are protected from diet-induced obesity and its associated complications, including type 2 diabetes mellitus and fatty liver. Although these mice exhibit transient mild elevations in postprandial glucose levels, it does not appear to affect the overall health of the animals (35) .
Antagonism of GIP may also be beneficial for patients with FICS, which results from ectopic expression of GIPRs on cortisol-producing adrenal hyperplasia (26) . Normally, cortisol is released from the adrenal cortex in response to ACTH activation of its specific G protein-coupled receptor (43) . Apparently, in patients with FICS, binding of GIP to the ectopically expressed GIPRs produces the same signals that lead to cortisol release (26) . Therefore, antagonizing GIP could in theory relieve the symptoms associated with FICS, thereby controlling patients' cortisol levels before surgical excision of the adrenal gland or by obviating the need for surgery in those for whom operations are risky.
GIP may also play a role in the etiology of type 2 diabetes mellitus. It has been shown that patients with type 2 diabetes mellitus have both a diminished incretin effect and a reduced response to exogenous GIP. It has been speculated that this loss of the incretin effect and the reduced insulinotropic action of GIP may occur as a result of either a chronic desensitization of the GIPR (45) or a reduction in the expression of GIPRs in pancreatic ␤-cells (18) . Evidence from the study of an animal model of obesity-related type 2 diabetes appears to support the latter hypothesis. Lynn et al. (32) showed that, in pancreatic islets of VDF rats, a strain of the fatty Zucker rat containing a leptin receptor missense mutation, the expressions of both GIP receptor mRNA and protein are decreased.
Because GIPR expression has been implicated in the etiology of FICS and possibly type 2 diabetes mellitus and obesity, we initiated this project to identify and characterize the factors regulating GIPR gene expression. We previously reported that the rat GIPR gene contained a TATA-less promoter and that the first 100 bp of this promoter directed high levels of gene expression in both GIPR expressing and nonexpressing cells (5) . In addition, sequences distal to the transcription start site were found to be required for directing cell-specific expression of the GIPR, and we hypothesized that upstream elements negatively regulate the basal promoter (5) . In the present report, we describe the characterization of this basal promoter. A comparison of the 5Ј-flanking sequences between the rat and human GIPR genes demonstrated 88% identity within the first 92 bp, after which the sequences diverged abruptly. This high degree of conservation suggests an important role for this region in the regulation of GIPR. In addition, the GC content of this conserved region is high (67 and 72% for human and rat, respectively). Next, we used two Web-based programs to identify transcription factor binding motifs to analyze this region and identified two Sp1 motifs and an MZF1/Sp1 binding motif. Sp1 is just one member of a family of transcription factors that include Sp2, Sp3, and Sp4. Sp1 family members all possess highly conserved DNA binding domains consisting of three zinc fingers and regulate gene expression upon binding to GC-rich sequences (10) . Two members, Sp1 and Sp4, are transcription activators, whereas Sp2 possesses repressor activity. As a result of the initiation of translation at two separate start codons, two isoforms of Sp3 are synthesized, a long form that activates transcription and a short form that represses transcription. MZF1 is a member of the Krüppel family of zinc finger containing transcription factors and activates transcription primarily in myeloid progenitor cells (19) .
The observations that the GIPR promoter possesses a high GC content and multiple Sp1 binding motifs are consistent with reports from analysis of other TATA-less promoters (3, 22) . The 5Ј-flanking sequences of other closely related G proteincoupled receptors, such as GLP-1, glucagon, VIP, PACAP, PTH, and PTHRH, also contain GC-rich regions and possess multiple Sp1 motifs, suggesting evolutionary conservation of not only the structural gene but also the regulatory portion of the gene (1, 2, 7, 27, 34, 42) . When the regulatory regions of these other G protein-coupled receptor genes were analyzed, they were shown to bind the transcription factors Sp1 and the two isoforms of Sp3. In addition, the mutation of all but one of these Sp1 sites led to a decrease in promoter activity, suggesting that the majority of these sites act as transcription enhancers. The mutation of one Sp1 site within the GLP-1 promoter led to an increase in promoter activity (16) , which the authors speculated may have resulted from the loss of a "silencing" element. In the case of the GIPR gene, we found that removal of part of the GIPR promoter containing the two Sp1 motifs and the MZF1/Sp1 binding motif at position Ϫ45, Ϫ57, and Ϫ75, respectively, led to an ϳ88% reduction in activity, suggesting that the regulatory elements in this region bind activators of transcription. EMSAs employing nuclear extracts from RIN38 cells demonstrated specific binding of Sp1 and the two isoforms of Sp3 to sequences representing the two Sp1 motifs and the MZF1/Sp1 motif at positions Ϫ45, Ϫ57, and Ϫ75, respectively (Fig. 1) .
The inability to demonstrate specific binding of other members of the Sp1 family to the Sp1-binding motifs at positions Ϫ45 and Ϫ57 or specific binding of MZF1 and these other Sp1 family members to the MZF1/Sp1 binding motif at position Ϫ75 may be because of lack of expression of these factors in RIN38 cells rather than to their binding properties. Sp1, Sp2, and Sp3 are ubiquitously expressed, whereas the expressions of Sp4 and MZF1 are limited to specific cell types (10, 23, 29) . The inability to detect binding of either Sp4 or MZF1 to the GIPR-specific sequences may be a consequence of the lack of expression of these proteins in RIN38 cells. In contrast, the lack of Sp2 binding may reflect the low binding properties of Sp2 to GC-rich sequences bound by Sp1 and Sp3 (36) .
Mutational analysis of these putative transcription factor binding motifs in transient transfection assays suggests that binding of Sp1 and Sp3 to the Sp1 binding motifs at positions Ϫ45 and Ϫ57 are important for regulation of the GIPR in RIN38 cells, whereas the binding of these factors to the MZF1/Sp1 site at position Ϫ77 is not essential. In transient transfection assays using RIN38 cells, mutation of the Sp1 motif at position Ϫ45 (Sp1-A) led to an ϳ64% reduction in promoter activity, whereas mutation of the Sp1 motif at position Ϫ57 (Sp1-B) led to an ϳ74% reduction in promoter activity. In contrast, mutation of the MZF1/Sp1 motif at position Ϫ75 did not affect promoter activity in the same assay.
Although we have identified two important regulatory elements in the GIPR promoter, our results do not exclude the possibility of additional regulatory elements downstream of this site that are dependent on these upstream regulatory sequences.
Further evidence to support the notion that the Sp1/Sp3 binding to the GIPR promoter positively regulates gene transcription was obtained using the Schneider S2 cell model. Because these cells lack endogenous expression of Sp1/Sp3, they can be used to examine specifically the effect of exogenous expression of Sp1 or Sp3 on transcriptional activity without interference from endogenous protein (31) . Consistent with our finding using the RIN38 cell model, the segment of the GIPR promoter containing the Sp1 binding motifs at positions Ϫ45 and Ϫ57 was required for maximal promoter activity as seen for both Sp1 and the long form of Sp3.
The EMSAs and transient transfection analysis provide additional evidence for the involvement of Sp1 and Sp3 in the regulation of GIPR. However, what occurs in these artificial in vitro systems may not necessarily reflect what is occurring for the endogenous gene. In the nucleus of living cells, the initiation of transcription is affected by closed chromatin structure or competition from other nuclear factors that may exclude Sp1 and/or Sp3 from binding to the GIPR promoter. In this study, we were able to corroborate the EMSA and transient transfection data using ChIP analysis. Data from these experiments demonstrated that both Sp1 and Sp3 specifically associated with the GIPR promoter in RIN38 cells but not rat-2 cells. As previously described, RIN38 cells express endogenous GIPR, whereas rat-2 cells do not. In an earlier study, we demonstrated that transcription initiated at the GIPR promoter in rat-2 cells was repressed by sequences located upstream of the basal promoter (5). Our results are similar to those observed with the rat luteinizing hormone receptor, in which a DNA domain located between Ϫ1266 and Ϫ1307 bp repressed, in a celldependent manner, transcription of a promoter containing multiple Sp1 binding motifs within the first 200 bp (13) . Based on data derived from our CHiP analysis, the upstream negative regulatory elements in the GIPR promoter presumably bind factors that prevent the interaction of ubiquitously expressed Sp1 and Sp3 with the GIPR promoter in nonexpressing cells.
Our results support the involvement of both the transcription factors Sp1 and Sp3 in the regulation of GIPR. Both of these factors can bind to the GIPR promoter, leading to an enhancement of transcriptional activity. The loss of Sp1 and Sp3 binding to the promoter is associated with an absence of GIPR expression, and the prevention of binding of these factors may represent an important factor determining cell-specific expression. Further studies will be necessary to determine whether dysregulation of GIPR expression, such as seen in FICS and type 2 diabetes mellitus, might involve factors that alter the binding of Sp1 and Sp3 to important regulatory elements within the GIPR promoter.
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